Reduction of metal contact resistance of graphene devices via CO 2 cluster cleaning We report on a cleaning technique using CO 2 clusters for large-scale mono-layer graphene fabricated via chemical vapor deposition (CVD) and its application to reduce contact resistance of the CVD graphene device. We found that polymeric residues, i.e., polymethyl methacrylate and photoresist which are generated during transfer and patterning of graphene, can be effectively removed via rapid shrinkage, induced by thermal energy transfer to low temperature CO 2 clusters. By applying the CO 2 clusters to the cleaning of the interface between metal and graphene, the metal contact resistance of the fabricated graphene field effect transistor was lowered to 26.6% of pristine graphene. The contact resistance shows the best result at an optimized CO 2 cluster cleaning condition with a flow rate of 20 l/min, and the resistance was further lowered to 270 X lm when a gate bias of À40 V was applied. We expect that the proposed CO 2 cluster cleaning to be a very promising technique for future device application using 2-dimensional materials, as it can enable low-energy, large-area, high-throughput, and mass-production-compatible process. V C 2014 AIP Publishing LLC.
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Graphene, which has the honeycomb structure of carbon, is a typical 2-dimensional material. Since its study in 2004, 1 many researchers in various fields have shown its interesting properties.
2,3 However, we face a serious limitation in the fabrication of high performance graphene devices, e.g., significant contact resistance at graphene-metal interfaces. According to the previous work on simulations of the contact resistance, the electrical properties of graphene-field effect transistors (FETs) deteriorate with increasing contact resistance, 4 and reduction of the contact resistance is found to be essential to fabricate high-performance graphene-based devices.
The reasons for which contact resistance of graphene devices is induced have been studied by other research groups. [5] [6] [7] First, graphene is known to have very small density of states around the charge neutral point due to its intrinsic linear dispersion relation. 5 Second, under equilibrium, some portion of the charge transfers from graphene to metal (or metal to graphene) via a potential step inducing a dipole layer at the interface, which becomes an obstacle to charge transfer. 6, 7 To reduce contact resistance, various studies have been conducted, e.g., inducing edge-contact, [8] [9] [10] applying back gate bias, 11, 12 using metals that have a high bonding energy with graphene, [7] [8] [9] operating devices at low temperatures, 13 using low power O 2 plasma, 14 and performing plasma treatment to improve contact with metal via changing surface property from hydrophobic to hydrophilic. 15 However, it is also thought that polymer residues cause an increase in the contact resistance. When devices are fabricated using chemical vapor deposition (CVD)-graphene, two types of polymeric materials are usually employed: polymethyl methacrylate (PMMA) to transfer the graphene onto the SiO 2 /Si wafer and photoresist to generate the electrode pattern. Both polymers cannot be perfectly removed with acetone and thus have significantly deleterious effects on the electrical properties of the graphene devices, 16 so cleaning graphene has become an important issue for graphene research. Recently, various cleaning methods have been introduced, e.g., annealing, 16, 17 plasma treatment, 18 current-induced cleaning, 19 electrostatic force cleaning, 20 the low-molecular-weight-PMMA method, 21 wet chemical treatment, 22 and mechanical force cleaning via AFM. 23 But, no methods have proven to be effective for cleaning large scale CVD graphene.
In this work, we demonstrate a technique for reducing contact resistance by using a CO 2 cluster cleaning. The processing steps for graphene device fabrication are shown in Figure 1 (a). Negative photoresist was coated on the graphene sample. After development, the negative photoresist left fewer residues behind than did the positive photoresist. By using photo-lithography, we exposed the sample to ultra-violet light and developed the exposed part to form an electrode pattern. The mask that we used for photo-lithography contained transmission line method (TLM) patterns which can be used to measure contact resistance. Since our purpose in this experiment was to investigate the change in contact resistance, we conducted CO 2 cluster cleaning confined only under the electrode area. To study the dependence of flow rate and the number of scans of the CO 2 cluster, four different conditions were tested: 15 l/min, 4 times; 15 l/min, 6 times; 20 l/min, 4 times; and 20 l/min, 6 times. These were optimized through trial and error, and we controlled the number of scans rather than the treatment time. This is because the equipment was designed for a large wafer size (diameter ¼ 300 mm). A schematic diagram of the gas cluster cleaning apparatus is shown in Figure  S1 . 32 We used ultrapure CO 2 as a carrier gas and also as a cluster source. The pressure and gas flow rate (Q ¼ 10-20 l/min) were controlled by a valve and a mass flow controller. The cooled gas is condensed as a group (T Nozzle ¼ À50 C) and is spread out after passing through the vacuum chamber and the nozzle (P vac ¼ 0.3À0.5 Torr), while spraying with a sudden pressure drop during cooling due to expansion. The size distribution of the clusters formed by the cluster generation can be dependent on CO 2 flow rate (Q), nozzle temperature (T Nozzle ), vacuum chamber pressure (P vac ), nozzle angle (h Nozzle ¼ 15 ), spray distance (d ¼ 50 mm), and the processing time (t op ¼ 4-6 s). However, T Nozzle , h Nozzle , and d are used as fixed variables. Even though the stage rotates with a fixed angular velocity, we cannot be fully convinced that the CO 2 clusters from jet nozzle were uniformly released onto the sample, and therefore we observe a normalized effect by controlling the number of scans (each scan takes approximately 1 s). The last step is the electrode deposition and lift off. Using an electron beam evaporator, we deposited Cr/Au (5 nm/50 nm) electrode.
We 9 This cleaning method uses a gas cluster as a physical removal medium of contaminants for cleaning CVD graphene. The process is capable of removing undesirable contaminants, such as film-typed and particle-typed residues, generated during the device manufacturing process (see Figure  1(a) ). Gas cluster cleaning uses clusters which are formed with few to thousands of molecules. Since the freezing temperature of CO 2 is relatively high at 194.5 K, compared to other gases, e.g., 87.1 K for Ar and 77.2 K for N 2 , CO 2 clusters can be formed very effectively by adiabatic expansion through converging-diverging nozzle in a short time, as shown in Figure 1(b) . Here, very low energy can be supplied to the atoms in substrate by the cluster as the kinetic energy of an atom in a cluster is equal to the total energy of the cluster divided by the cluster size. 24 However, it is obvious that cleaning efficiency and surface morphology of the substrate depend on cluster size and velocity. 25 In this work, the gas clusters are introduced to the surface of the contaminated graphene sample, cooling and removing the contaminants without leaving secondary contaminants behind. It is understood that when CO 2 gas cluster collides with the contaminated surface, it cools or freezes polymeric residues and causes a difference in the thermal expansion coefficients between the contaminant and the substrate. Rapid volume shrinkage of the residues induces the contaminants to easily detach from the substrate. 26 See Figure 1 (c) as a schematic model for the removal processes of the residues on graphene using CO 2 gas clusters. Here, low energy CO 2 gas cluster can clean the contaminants, while leaving graphene unharmed. Note that this method can be applied to treat large-scale graphene in a mass-production-compatible way, similar to plasma treatment, and it is more economical in terms of cost and time, compared to mechanical cleaning and inducement of edge-contact. Also note that this method is relatively safe for devices and is also environmentally friendly, in contrast to wet chemical cleaning, which can be corrosive to fine features such as metal lines. 27, 28 Figure 2(a) shows the optical images showing the change of the graphene surfaces for CO 2 cluster cleaning and Figure 2(b) is schematic of the energy band diagram of the graphene-metal contact. From a sheet of graphene, we fabricated electrode-patterned samples via photo-lithography, treated them under the different conditions, and took pictures before depositing the metal to compare the differences in the surface images. We can observe that the CO 2 cluster-treated graphene sample is cleaner than the pristine graphene. We can observe a significant amount of the remaining photoresist residue around the channel area on the left of Figure 2 (a) (pristine state) because the channel area is relatively narrow when compared to other parts, while the pattern of the treated sample is very clean. For the cleaned area, graphene makes direct contact with the metal. In contrast, for the contaminated area, even though remaining PMMA residues are very thin, they can act as a barrier between the graphene and metal, as shown in the band diagram of Figure 2(b) . The charge transfer will therefore be obstructed by the barrier, FIG. 1. (a) Process to fabricate the graphene device with CO 2 cluster cleaning. The TLM electrode pattern was generated using photo-lithography. The CO 2 cluster cleaning was applied to specific area which contacts the bottom of the electrode after device fabrication, (b) principle of gas cluster formation at the converging-diverging nozzle, and (c) schematic description of the removal mechanism of polymeric residues by low temperature CO 2 clusters.
leading to an increased contact resistance. Therefore, contact resistance can be reduced by eliminating polymeric residues through low-power O 2 plasma treatment, annealing, or the Al 2 O 3 encapsulation method.
14,29 However, these methods are found to deteriorate the electrical properties of CVD graphene devices, e.g., lowering carrier mobility and inducing undesirable shift of charge neutral point.
In order to analyze the graphene surface more closely, we conducted transmission electron microscopy (TEM). Figures S2(a)-S2(d) are the TEM images taken from different sample conditions. From the TEM figures, we can notice that the graphene sheets have many wrinkles, some residues, and hole-type defects. According to the images, the number of hole-type defects increases with the CO 2 cluster treatment. These hole-type defects may induce an edge contact between graphene and metal, so we can anticipate that contact resistance decreases 9,10 with the CO 2 cluster cleaning. When graphene makes contact with metal, various factors affect charge transfer and thereby contact resistance, e.g., energy barrier arising from remaining residues and nonuniform Fermi level at the interface. Here, we investigated the effect of the graphene cleaning by CO 2 clusters on contact resistance. We coat PMMA on the graphene sheet to support it and use photoresist to make an electrode pattern. These polymeric residues cannot be removed thoroughly with acetone. Conventional cleaning methods, as introduced earlier, focus on removing residues on the channel area, whereas we focus on the contact area to observe a change in the contact resistance. Through CO 2 cluster cleaning, we attained significantly lowered contact resistance and doubled mobility. Figure 3(a) is the graph showing the change in contact resistance for various CO 2 cluster conditions, and the detailed data are shown in Table S1 . According to the data, pristine graphene shows the largest contact resistance of 6.35 kX lm with a large standard deviation because of non-uniformly distributed residues. On the other hand, all the CO 2 cluster-treated samples have lower contact resistance and lower standard deviation than the pristine sample. In particular, the lowest average contact resistance, 1.69 kX lm, was obtained from the 20 l/min, 4-times-treated device. This value is 73.3% lower than that of the pristine graphene. Moreover, hole mobility also improved for all the treated devices and was even twice higher for the 20 l/min, 4-times-treated device ( Figure S3 ). We think that the primary reason for the improvement of the electrical properties is the cleaning effect. The reduction of polymeric residues by CO 2 cluster cleaning brought about a free charge transfer between graphene and metal so as to reduce contact resistance. It is interesting to observe hole-type defects generated after the CO 2 cluster cleaning, as we inspected graphene via TEM in Figure S2 . We suppose that these holes might induce nano-scale edge contact to the metal. However, the 20 l/min, 6-times-treated device showed no further improvement in contact resistance, as shown in Figure 3 (a). We assume that excessively intensive treatment can generate redundant defects on graphene, and therefore charge scattering increases drastically 31 and so does contact resistance. A cleaning technique using CO 2 clusters was demonstrated to clean large scale CVD graphene and therefore to lower metal contact resistance of the CVD graphene FET devices. It was found that low energy CO 2 clusters are very effective in removing PMMA and photo-resist residues generated during the fabrication of graphene FET, by detaching them through volume shrinkage at lowered temperature. It is expected the CO 2 cluster cleaning to be a very promising technique for future device applications using 2D materials, as it presents surface residues removal selectivity and mass-production compatibility as a low-energy, large-area, and high-throughput process. 
